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Abstract. 2014 CdTe is a material potentially useful for a number of optical applications. These include electrooptic modulation, high power laser windows, electroluminescence and photoconduction. In this review these and other uses will be described. Particular attention will be paid to the various optical absorption mechanisms and the effects of impurities on the optical behavior.
Section II.2: Optical applications of CdTe. a) Infrared optics, luminescence, photoconductivity. [13] concluded that the donor impurities at high concentration deform the valence band and produce a donor impurity band even in compensated CdTe. Doping levels as low as 5 x 1016 cm-3 are enough to produce an observable shift [13, 14] . Apparently acceptors do not produce such a large.shift, probably because the density of states in the valence band is much larger than in the conduction band.
Introduction of light atoms such as Se for Te [15, 16] or Al for Cd [17] can produce localized lattice modes. For Se the impurity peak is on the long wavelength side (58 03BCm) of the CdTe transverse optical absorption [15, 16] . For the case of Al on a Cd site, a number of modes between about 31 and 30 03BCm were found [17] . Different frequencies were measured depending upon the degree of association of Al with Cd or other impurities or defécts.
Another absorption mechanism that arises from impurities occurs for transitions between electronic levels of a ground state ion (split by spin orbit coupling for example). Slack et al. [18] have studied the behavior of tetrahedral Fe 21 in CdTe and found a single broad absorption between 1.3 and 6.7 J.1m at room temperature [18] . Vul et al. [19] found two bands -one at 3.5 and the other at 0.92 J.1m which they attributed to electronic transitions (Fig. 4) The general form of the relationship between the carrier concentration, N, the real part of the index of refraction, n, and the imaginary part, fl, can be obtained rather simply from the classical treatment of a harmonically bound electron subjected to an applied electric field of frequency w, with the result [8] .
g is 81 Jlm *, e is the relative dielectric constant, 80 is the permitivity of free space, e is the electronic charge, m * is the effective mass and y is the mobility.
If 03C903BCm*/e ~ 1, which is generally valid for wavelengths in the infrared, the expression for the absorption coefficient becomes after generalizing for holes and electrons, [26] .
One recent application has been as a material for very high power 10.6 J.1m laser windows. One key parameter in which CdTe excels is in its very low optical loss. A very general requirement that must be fulfilled is that the window neither fail from thermal fracture nor from optical distortion.
It has been theoretically predicted that the total power of a CW laser beam, P, with a Gaussian profile that will produce rupture in plate is [11] where K is the thermal conductivity, a is the optical absorption coefficient, OET [30] .
Even at shorter wavelengths CdTe may offer some advantages over other electrooptic materials since its damage threshold is fairly high. C. Johnson reports that power densities up to 300 MW/cm2 for ns pulses do not produce damage, and CW powers up to 500 W are possible through a 0.6 mm diameter area [26] .
CdTe can also be used for the internal modulation of lasers [31] . The Extremely short pulses (1 ns) can be generated from a CO2 laser using CdTe as an electrooptic gate driven by a Blumlein structure [32] . The voltage pulse is generated using a laser triggered spark gap. Power output was obtained at both the 10.4 and 9.4 03BCm vibrational transitions. Alternatively, CdTe can be used to select a single pulse from a train by gating it on and then off.
In addition to being an electrooptic material, CdTe exhibits non-linear behavior at high power which produces harmonic generation and mixing. Patel [33] measured the non-linear coefficients for harmonic generation. The second harmonic, P(2 03C9), is given by [34] where P(03C9) is the input power at frequency, cv, n is the index of refraction, d is the non-linear susceptibility, A is the area, and le is the coherence length of the crystal. From the symmetry the most efficient second harmonic generation occurs for the input beam along the (110) and the electric field polarized in the (110). The coherence length was calculated to be 235 pm at 10.6 pm from index of refraction data [33] . McArthur By quasi-phase matching (using a stack of CdTe plates an odd number of coherence lengths thick, each of which is rotated 1800 with respect to its neighbors) essentially 100 % conversion to the second harmonic can be obtained [26] .
Another scheme for optical modulation is to use an acoustic wave and rely on the piezo-optic constants to induce a change in the index of refraction. This technique has not been used on CdTe but the static coefficients have been measured [36] . The figure of merit for modulation, M, is where p is the density, v is the sonic velocity, and the piezo-optic constant Pl 1 is given in table IV. The value of M is similar to that of GaAs but the superior transparency of CdTe would be a definite advantage for wavelengths longer than 10 gm.
The final modulation technique that has been used is the Franz-Keldysh effect. An applied electric field will produce a change in the absorption of interband transitions in semiconductors. CdTe at 80 K shows one transmission maximum, corresponding to a decrease in absorption at 1.484 eV, and a minimum corresponding to an increase at 1.62 eV [37] . At the second, an electric field of 6 x 104 V/cm on a 1 pm thick film can produce a 35 % increase in transmission. At 290 K the modulation magnitude is reduced by a factor of two.
3 . 3 LUMINESCENCE. -Another possible optical application is that of electroluminescence. Because CdTe has a direct bandgap (Fig. 1) it can have a strong luminescence emission. Stimulated emission has been excited by optical pumping [38] , by electron beam bombardment [39] and by impact ionization [40] . It can be doped both n-and p-type so the possibility of making lasers by minority carrier injection has been attempted [41] but has not been successful to date.
3 . 3 .1 p-n junctions. -Van Doorn and de Nobel [42] observed luminescence in p-njunctions as early as 1956, but the emission, which peaked at 0.89 um (1.40 eV) at 77 K, was rather weak. They attributed the radiation either to band-to-band transitions or to an exciton line.
Mandel and Morehead [41] were the first to produce efficient emission (external quantum efficiencies of 0.12 photons per minority carriers at 77 K) from p-n junctions. The junctions were produced by the simultaneous diffusion of Cd and P into Al doped CdTe grown from the melt. A rather long time (2 weeks) was required to diffuse the 30 pm deep junction. The excess Cd diffused more rapidly than the P and converts the interior of the sample into low resistivity (0.10 03A9.cm) n-type ; whereas, the slower P produces a 1 to 10 Q. cm) p-type shell. After lapping the p-layer from one side and cutting, the diodes were cleaved along the (110) planes.
Electroless Au was used for ohmic contacts to the p-side and indium solder was used for the contact to the n-side. The I V characteristic of the diode had an exp(eV/2 kT ) dependence on bias which is what is expected when recombination occurs in the space charge region.
Emission was observed at 1.41 to 1.50 eV depending on current and temperature. The initial intensity was proportional to the current density squared, but became linear at high levels. The relative efficiency in the linear region was found to have the form [43] where E = 0.1 eV and a = 5 x 103. This is the relation that follows when thermal quenching of photoluminescence occurs. AE is a measure of the energy difference between the luminescent center and trap level and a is a measure of trap concentration [44] . Even at current densities as high as 4 x 104 A/cm2 (2.5 x 1023 carriers/s/cm2) no stimulated emission was observed [43] . The internal quantum efficiency was near unity above 2 A/cm2 [45] so the absence of emission is probably due to either non planarity of the junction, self absorption, or high series resistance on the p-side.
Ishida and Tanaka [46] found that junctions formed by liquid phase epitaxy have external efficiencies near 20 % at 100 K and 0.2 % at 300 K (Fig. 6) Naumov [47] [49] observed just the opposite behavior, though. Chapnin [50] has also studied CdTe luminescent diodes.
The most recently reported work is apparently by Gu et al. [51, 52] . The [53] ). density of 12 A/cm' (Fig. 8) . Figure 8 shows the threshold current density as a function of temperature. 3.3.3 Optical pumping. -Using a Q-switched neodymium glass laser as a source of radiation, doublephoton pumping has been used to obtain laser action [38] in CdTe (Fig. 9 ). Line narrowing occurred for power above 1 MW/cm2 (6 x 1024 photonS/CM2/S).
Fm. 9. -Spectral narrowing for double-photon excitation of CdTe (after Basov et al. [38] [40] have seen line narrowing occurring in n-type CdTe at room temperature. The recombination light emission was associated with breakdown at 12 kV/cm by impact ionization (Fig. 10) The most direct has been the fabrication of a photoconductive detector [54] [55, 56] . 
